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Introduction
'Tidal flow' constructed wetlands (TFCWs) is one of the most significant developments in treatment wetlands in the last ten years (Chan et al., 2008; Sun et al., 1999a Sun et al., , 1999b Sun et al., , 2006 ; Zhao et al., 2004a Zhao et al., , 2004b . The key features of TFCWs are batch pulse feeding and alternant saturation/unsaturation of the wetland medium with wastewater. By this way, oxygen transfer is greatly enhanced and the treatment capacity is then significantly improved. In practice, it is usually configured in multiple stages by connecting several identical wetland stages in series (Zhao et al., 2004a) . Wastewater is batch loaded to the first stage and sequentially passes through the rest, generating periodic wet/dry period in individual stages. More significantly, a so-called alum sludge-based TFCWs (AlS-TFCWs), which adopts dewatered alum sludge (DAS) as the main wetland medium, has been developed and demonstrated to have excellent capability in organic matter (OM), ammoniacal nitrogen (NH 4 + -N) and phosphorus (P) removal . It is fair to note that such the development represents a novel approach in treatment wetland 3 technology. In a previous pilot-scale four stages AlS-TFCWs study, NH 4 + -N removal efficiency up to 98% and mean monthly removal efficiency above 85% were recorded under various loading rate from 7.1 to 47 g N/m 2 d. However, total nitrogen (TN) removal was still not desirable with monthly mean removal efficiency of 11-78% .
Analysis of nitrogen profiles in individual stages revealed that the influent carbon source was almost depleted in the first 3 stages before full nitrification was completed . Consequently, denitrification was getting limited along the stages, resulting in high nitrified effluent and limited TN reduction. Hence, modification of the original TFCWs configuration is necessary in order to achieve satisfactory TN removal performance.
Step-feeding has been broadly demonstrated in conventional activated sludge (AS)
process as an effective option to enhance TN removal by stepwise introduction of the influent to the nitrified liquid, thus making more efficient use of the influent carbon source for denitrification (Fillos et al., 1996; Fujii, 1996 , 2011) . In this study, step-feeding was adopted as the key strategy aimed to enhance the TN removal performance for a four stages AlS-TFCWs. Effects of different step-feeding schemes and operational conditions on the treatment performance are comprehensively evaluated. Diversity of nitrifying activities and nitrogen removal pathway in different stages is investigated in detail. Finally, optimal 4 configuration of step-feeding AlS-TFCWs is proposed and analyzed for maximum nitrogen removal.
Materials and method

System description and operation
The laboratory scale four stages AlS-TFCWs system was constructed with four identical plexiglass columns connected in series ( Fig. 1 ) and operated under room temperature. 10 cm-depth gravel was filled into the bottom as the support media. Air-dried DAS (2 kg for each stage, moisture content 74%, particle size 1-3 cm) collected from a local water treatment plant, was filled as the main medium layer. It has been determined in previous study that the DAS was mainly composed of amorphous aluminium, and more importantly, the DAS exhibited a high phosphorus (P) adsorption capacity of 31.9 mg P/g DAS ). The total volume of each stage was 4.75 L with a working volume of 2 L (initial porosity of 42%). Common reeds, Phragmites australis, were planted on the top. Each stage experienced cyclic 'Wet/Dry' periods with the 'tides' of wastewater generated by peristaltic pumps, which were controlled by pre-set programmable timers. The system was inoculated with activated sludge obtained from a local municipal wastewater treatment plant for 3 weeks. Thereafter, four step-feeding schemes (marked as A to D) were tested with different input points, distribution ratios, main flow patterns and cycle duration (T C ), as shown in Fig. 1 and summarized in Table 1 . In all the schemes, there was a primary feed (80-90% of the overall flow rate) introduced into stage 1 (Feed 1). The rest fraction of the influent was then distributed into stage 3 (Feed 2) and/or stage 4 (Feed 3). Side stream
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(Feed 2/Feed 3) was introduced into side input point in synchronization with the main flow in period A and B, while it was delayed for 2 hrs after the main flow in period C and D.
[ Fig. 1] [ Table 1 ]
Wastewater
Piggery wastewater was used as the influent source. The raw wastewater was collected from an animal farm at Newcastle, Co. Dublin, Ireland. After collection, it was diluted with tap water to obtain desired strength and served as the influent. The influent wastewater characteristics and loading rates during each step-feeding scheme were summarized in Table 2 .
[ [ Table 3 ]
Microbial activities
Microbial activities of heterotrophic biomass (X H ) and autotrophic biomass (ammonia oxidization bacteria, AOB; nitrite oxidization bacteria, NOB) in each stage were assessed by oxygen uptake rate (OUR) test (Ginestet et al., 1998) at the end of scheme D.
Respiration measurements were carried out with a fed batch respirometer (V=280 mL) at room temperature (23 ± 0.5 °C ). Representative DAS samples were obtained from each stage by mixing the medium of the whole bed. All the samples were washed several times with distilled water one day before the tests to remove the residual substrates. Thereafter, predetermined amount of the prepared DAS sample was grounded and introduced into the 
Statistical analyses 8
In order to investigate the difference in treatment performance between different stepfeeding schemes, statistical analyses were carried out using PASW Statistics 18 (SPSS Inc.).
One way ANOVA multiple comparisons for the mean removal efficiencies were computed with Tamhane's T2 test at 95% confidence level (α=0.05). The method was selected for that equal variance between groups was not assumed.
Results and discussion
Overall performance
The overall performance of the AlS-TFCWs with different step-feeding schemes is illustrated in Fig. 2 . The system demonstrated satisfactory performance in SS, OM, P and NH 4 + -N removal. Average SS removal was above 90% for all the tested schemes ( Fig. 2a) .
With regard to OM, average COD removal above 80% was achieved in all the schemes except for scheme C (74%). Removal of BOD 5 was more effective and stable with mean removal efficiency of 85% for scheme A and above 90% for the rest schemes (Fig. 2b ).
This indicates that the system can substantially remove the biodegradable part of the influent organic carbon. . This demonstrates that stepfeeding is an effective strategy for TFCWs to enhance TN removal performance.
[Fig. 2]
3.2 Multiple comparisons of different step-feeding schemes on treatment performance Table 4 presents the results of multiple comparisons (One way ANOVA) on the mean removal efficiencies between different step-feeding schemes. There was no significant difference on SS removal between different schemes. For COD, mean removal efficiency with scheme C was significantly lower than scheme A and B by 8.7% and 9.9%, respectively. However, it is insufficient to draw the conclusion that there was significant difference in OM removal between different schemes, because there was no statistical difference on BOD 5 degradation. The difference in COD removal might be derived from the fact that the influent COD in scheme C contained higher inert fraction, which could not be removed biologically . As to TP, the mean removal efficiency with scheme D was slightly lower than scheme A by 2.7% probably due to the P saturation progress after long term operation. The nitrification performance with scheme A was significantly lower than scheme B, C and D by 9.6%, 5.1% and 8.7%, respectively. And the nitrification performance with scheme C was considerably lower than scheme B and D by 4.5% and 3.6%, respectively, while there was no statistical difference between scheme B and D. For TN, scheme D was significantly higher than scheme A, B and C by 22.2%, 11.1% and 13.3%, respectively. These results reveal that step-feeding schemes have significant impact on nitrogen removal, which deserves further analysis and discussion.
[ Table 4 Pochana and Keller, 1999). The effective SND in stage 1 could be attributed to the facts that: 1) external carbon source was sufficient to support the full denitrification of the nitrified nitrogen; 2) anoxic condition was easily to be established due to rapid oxygen depletion caused by extensive OM oxidization and nitrification (Pochana and Keller, 1999) .
To take full advantage of this effect, appropriate step-feeding setup should be taken to make the NH 4 + -N reduction in the first stage as much as possible. Accordingly, scheme D seemed to meet this requirement best (Fig. 3) . NO X --N accumulation started from stage 2 in all the schemes, which indicated that denitrification was limited due to carbon deficiency.
This trend was reverted with the supplement of carbon source by wastewater step-feeding, which enabled denitrification to proceed again, resulting decrease of NO X --N in the side input stages (stage 4 in scheme B; stage 3 in scheme C and D) (Fig. 3 ).
[ Fig. 3 ] downward, while it was upward in scheme C and D (Fig. 1) . It was presumed that down flow would enhance oxygen transfer into the bed and this hypothesis was justified with the DO distribution measurement (Fig. 4d) . It shows that the DO level with down flow was significantly higher than up flow. More interestingly, DO was increased as a function of the travel distance with down flow, while it remained more or less constant with up flow. In the view of hydraulics, down flow might be close to turbulent flow so the mixing of wastewater and air is extensive. The longer the wastewater travels, the more oxygen is dissolved in the bulk liquid. While up flow might be close to laminar flow and the mixing is limited, thus DO remains more or less the same and is independent of the travel distance.
Obviously, the weakened oxygen transfer with up flow in scheme C and D was conducive to form effective anoxic condition and favored denitrification. Furthermore, the delayed introduction (2 hrs after the main flow) of the side stream in scheme C and D may also play an important role in the enhancement of denitrification. The reason was that more strictly anoxic condition could be established after the first 2 hrs contact, so that the introduced carbon source in the side stream could be fully utilized for denitrification instead of direct oxidization.
[Fig. 4]
The above results reveal the rationale of the enhanced TN removal performance with step-feeding. Such the step-feeding leads to more effective utilization of the influent carbon 
Microbial activities and nitrogen conversion pathway
Fig . 5 shows the diversity of the microbial activities along the stages. As expected, the respiration rates of heterotrophic biomass (X H ) and ammonia oxidation bacteria (AOB) in stage 1 and stage 3 were substantially higher than that in the other stages. This was in accordance with the distribution of the influent loading ( Fig. 1 and Table 1 ) and the mass reduction in each stage (Fig. 4) . The striking feature revealed in Fig. 5 (Turk & Mavinic, 1987) . Accordingly, the nitrogen removal mechanism in the stages 2 to 4 was mainly nitrification and denitrification via nitrate, which could be concluded by the increased NOB activity (Fig. 5 ) and buildup of nitrate (Fig. 2e ).
[ Fig. 5] 
Theoretical approach on optimizing step-feeding TFCWs
Although satisfactory TN removal performance was achieved with step-feeding in this study, the best scheme (scheme D) was still not optimized for maximum N removal. The optimal step-feeding setup should be configured to ensure that the total Kjeldahl nitrogen (TKN) is completely nitrified in the aerobic stage(s) to provide maximum oxidized N.
Proper distribution of the influent into the anoxic stage(s) is required to meet the carbon requirement for full denitrification (Tang et al., 2007) . From the cyclic profiles (Fig. 3d) , it 16 can be seen that substantial NH can make the most efficient utilization of the influent carbon source and thus can achieve maximum TN removal.
Obviously, the flow distribution fraction (f) (See Fig. 6 ) is the most important parameter in step-feeding CWs. However, there is still a lack of mathematical framework to determine it. Wastewater was distributed evenly into each feed point in the early step-feeding CWs Recently, some efforts have been made to investigate the optimal flow distribution fraction by comparing the treatment performance with different distribution ratios (Stefanakis et al., 2011) . These empirical methods are insufficient to ensure maximum removal efficiency.
In fact, f is to provide sufficient BCOD (biodegradable COD) for complete denitrification in the anoxic stage (S i+1 ) and can be presented by the inequality of Eq. (3), in which f × BCOD in represents the available carbon source introduced by the flow distribution and (1-f) × TKN in is the amount of nitrified N generated in the aerobic stages (S 1 -S i ). The constant k is a stoichiometric ratio, which is the amount of BCOD required to reduce 1 unit mass of NO X --N into nitrogen gas (Tang et al., 2007 ). In the current study, the effect of SND should be taken into account since significant amount of NO X --N is denitrified in A1 as evidenced in Fig. 3 . Therefore, a reduction factor (β) is introduced (Eq. 4). Rearranging Eq. (4) yields the relationship between f and the influent BCOD/TKN ratio (Eq. 5). The maximum N removal efficiency can be achieved when f is minimized (Eq. 6).
Eq. 6 reveals that the optimal influent distribution ratio for maximum nitrogen removal is a function of the influent BCOD/TKN ratio, rather than a fixed value. Therefore, the optimal distribution fraction should be adjusted regularly according to the influent wastewater characteristics in step-feeding strategy.
Conclusions
This study provides ample evidence on step-feeding strategy in AlS-TFCWs to achieve enhanced TN removal. With the best scheme D, average TN removal of 83% can be achieved, which is a substantial improvement of TN removal in TFCWs, making it be able to deliver tertiary effluent under nitrogen loading rate of 19. Tables: Table 1 Summary of the tested step-feeding schemes OLR: organic loading rate; NLR: nitrogen loading rate; PLR: phosphorus loading rate 
